Nontyphoid Salmonella is one of the main causes of bacterial gastroenteritis worldwide and is responsible for 65% of reported outbreaks of foodborne diseases in France. Serotyping is widely used for isolate preliminary identification, but it poorly discriminates strains. Rapid, efficient molecular subtyping tools have therefore been developed for the investigation of outbreaks. We evaluated the performance of the pulsed-field gel electrophoresis (PFGE) method for discrimination of 31 Salmonella serotypes frequently isolated in France. We set up a genomic database of Salmonella strains isolated from food, animals, the environment, and humans to improve the management of contamination and reactions to foodborne disease outbreaks. We studied 1128 isolates by PFGE, according to the standardized PulseNet protocol. We identified 452 PFGE patterns, 67.5% of which corresponded to a single isolate. The ability of this method to distinguish between isolates was estimated by calculating the Simpson index and the 95% confidence interval. Values obtained ranged between 0.33 (0.11-0.54) to 0.99 (0.96-1.00), depending on serotype. Epidemiological information about isolates was used for analyses of intra-and interserotype diversity results and for determining whether PFGE patterns were linked to the source of the isolate. Clustering analysis of the PFGE patterns obtained confirmed that serotype and PFGE genotype were closely linked. Some PFGE patterns were identified as major patterns, each of these patterns being found in at least 10 isolates. The database generated has already proved its effectiveness in epidemiological investigations in livestock production and foodborne outbreaks.
Introduction
N ontyphoid salmonellosis is a foodborne disease of major importance throughout the world. In France, Salmonella is the main cause of bacterial gastroenteritis and is responsible for 65% of all recorded outbreaks of foodborne disease (Haeghebaert et al., 2002) . Outbreaks of foodborne disease due to Salmonella are continually reported. A well-documented outbreak of multidrug-resistant Salmonella enterica serotype Newport infections occurred in France in 2003 and was epidemiologically linked to the consumption of horse meat (Espie et al., 2005a) . Tassios et al. (2000) reported a marked increase in human gastroenteritis due to Salmonella Blockley in Greece in 1998. In 2005, an international Salmonella Stourbridge outbreak linked to the contamination of a French goat's cheese was investigated in Europe (Espie et al., 2005b) Serotyping is widely used and can provide a definitive isolate identification based on antigenic formula diversity. Slide agglutination tests are commonly used, based on the Kauffmann-White scheme. More than 2500 serotypes have been described, but the discriminating power of serotyping for the investigation of outbreaks due to common serotypes is low. Various phenotypic methods, including phage typing (Anderson et al., 1977) and antimicrobial resistance profiling (Holmberg et al., 1984) , have been used to study diversity among Salmonella serotypes and remain an important part of epidemiological investigations. Most foodborne diseases seem to be caused by only a few of the serotypes described. Furthermore, some isolates are fully susceptible to antimicrobial drugs or cannot be phage-typed. New, rapid and efficient molecular subtyping tools are therefore currently used. Pulsed-field gel electrophoresis (PFGE) , amplified fragment length polymorphism (Aarts et al., 1998; Torpdahl and Ahrens, 2004) and sequencing-based methods, such as the multilocus sequence typing method (Kotetishvili et al., 2002; Sukhnanand et al., 2005) and multiple locus variable number tandem repeat (VNTR) analysis (Lindstedt et al., 2004; Torpdahl et al., 2006) have been used for tracing and differentiating between isolates of the same serotype. PFGE remains the ''gold standard'' method and has been adopted by many reference laboratories for the surveillance and investigation of foodborne diseases (Swaminathan et al., 2001 ). This technique makes it possible to evaluate the genetic relationship between isolates suspected to be epidemiologically related (Mammina et al., 2004; Tassios et al., 2000; Woo and Lee, 2006) . PFGE has also been used to trace contamination in animal production (Sandvang et al., 2000) and in food processing plants (Nde et al., 2006) . In France, the French Food Safety Agency (Afssa) is responsible for the surveillance of animal and food Salmonella isolates through its Salmonella network. Isolates are collected from participating veterinary and food hygiene laboratories distributed throughout France. All isolates sent to the laboratory are accompanied by epidemiological data concerning the source of the isolate, the animal species, food type, and geographical origin of the samples. Various sectors have been defined to facilitate reporting: animal health or production, feed products, food, including the environment of food processing plants, and ecosystem (isolates from natural sources such as seawater, river, sewage, etc.). All available items of epidemiological information and phenotypic characterization results, including serotyping and antimicrobial resistance testing, are routinely computerized.
In this work, we aimed to evaluate the performance of the PFGE method for subtype discrimination of the most frequent Salmonella serotypes isolated from human and nonhuman isolates, and then to create a library of PFGE patterns of isolates from food, animals, the environment, and humans. This library should make it easier to trace the source of contamination along the food chain and to interpret the results of comparisons of human and food isolates.
Materials and Methods

Bacterial isolates
This study characterized a selected panel of isolates from the most prevalent serotypes. Serotypes were selected on the basis of i) their implication in national and international foodborne disease outbreaks, and ii) their prevalence in Salmonella infections in humans and animals (surveillance data from the National Reference Center [NRC] for Salmonella and the Afssa Salmonella Network). All isolates were routinely serotyped with slide agglutination tests and commercially produced antisera (BioRad, Marne la Coquette, France). In total, 31 serotypes were included in the study, the fraction of human and nonhuman isolates studied for each serotypes is highlighted in Table 1 . This table also presents the recovery of these selected serotypes during the year 2003 in the different sectors.
Nonhuman isolates were selected to be representative of the animal and food sources most frequently associated with Salmonella contamination. Isolates belonging to selected serotypes were chosen by simple random sampling of the isolates sent to the laboratory between July 2002 and December 2003. This was done after elimination of duplicated isolates. Duplicate isolates were defined as isolates with the same serotype sent by a same lab in a same parcel and coming from the same source. On this basis, we considered the selected isolates were as not directly epidemiologically related. This selection enabled us to have isolates from four different sectors: animal health or production, feed products, food, including the environment of food processing plants, and ecosystem (such as seawater, river, sewage for example). As most nonhuman isolates came from poultry production systems (65%), we also included isolates from other animal sources, including some from a specific study focusing on pork production. Isolates sources are detailed in Table 2 for isolates coming from animal health or production and food. No more than 15 isolates each for Napoli, Panama, Goldcoast, Bovismorbificans, and Braenderup serotypes were tested, because of the low frequency of isolation of these serotypes in the Afssa Salmonella Network. Seventeen to one hundred thirty-five isolates for each of the other serotypes were studied. In total, 956 isolates of nonhuman origin were analyzed ( Table 1 ).
The human Salmonella isolates panel was selected, by the NRC for Salmonella, by simple random sampling of clinical isolates, originating from blood or feces, sent to the NRC during the same period ( July 2002 -December 2003 . We characterized 172 clinical isolates of the following six serotypes: Coeln, Enteritidis, Hadar,Senftenberg,Typhimurium,andVirchow (Table 1) .
Phage typing
Phage typing was carried out by NRC for some of the Typhimurium serotype isolates, using a standardized method and 31 phage suspensions (Anderson et al., 1977) . Five additional typing phages (2, 3, 18, 10, and 10 variant) were also used. Phage suspensions and an interpretation guide were kindly provided by the Health Protection Agency, Colindale, United Kingdom. Phage-type was also determined for some human Salmonella Enteritidis isolates.
PFGE typing
PFGE using XbaI restriction endonuclease was carried out with a CHEF-DR III system (Bio-Rad), according to the standardized Salmgene and PulseNet protocol (Peters et al., 2003; Ribot et al., 2006) . The extracted DNA of some isolates was not stable. For these isolates belonging to Cerro, Coeln, Dublin, Goldcoast, Hadar, Infantis, Kottbus, Newport, Panama, Paratyphi B, SaintPaul, Senftenberg, Tennessee, and Virchow serotypes, we used Hepes buffer instead of Tris buffer in all steps preceding the DNA restriction and added 100 mM thiourea to the running buffer, as previously described (Liesegang and Tschä pe, 2002) . Salmonella enterica serotype Braenderup H9812 was used as the molecular size marker in the PFGE experiment (Hunter et al., 2005) . Gels were stained with ethidium bromide and banding patterns were visualized under UV light, using the Gel Doc Eq system and Quantity One software (Bio-Rad). DNA patterns were analyzed with BioNumerics software (V 4.1, Applied Maths, Kortrijk, Belgium). Algorithms available within the program were used to compare patterns. Dendrograms were produced, using the Dice coefficient and the unweighted pair group method with arithmetic averages (UPGMA), with a 1% tolerance limit and 1% optimization. Each PFGE pattern differing by at least one Isolates from animal health and production sector. Isolates from food and food processing sector.
c Animal isolates classified in category ''others'' have been for example isolated from domestic or wild animals (dog, caprine, rabbit, ostrich, dromedary, fish, monkey). d Food isolates classified in category ''others'' have been for example isolated from pastry, egg product, salad, pâ té, flour, spice, drink water, caprine meat, and mushroom.
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band from a previously recognized type was considered to be a new pattern. Each new pattern was given a unique designation, as suggested by Peters et al. (2003) , and added to the PFGE patterns library. The recommendations of Barrett et al. (2006) were also followed for the interpretation of PFGE patterns.
Calculation of discrimination indices
For each serotype, the ability of the method to discriminate between subtypes was assessed by calculating Simpson's index of diversity (D value), as previously described (Hunter and Gaston, 1988) . The 95% confidence intervals were also calculated, based on the variance as suggested by Grundmann et al. (2001) .
Quality assurance
All analyses were performed in accordance with the NF EN ISO 17025 norm: general requirements for the competence of testing and calibration laboratories.
Results
The 1128 isolates were typable by the PFGE method. We identified 452 PFGE patterns, 305 (67.5%) of which corresponded to a single isolate and 54 (11.9%) of which were found in only two isolates. Depending on the serotype studied, 4 to 46 PFGE patterns were observed (Table  3 ). The PFGE patterns were used to generate an UPGMA tree, using the Dice similarity coefficient and, in all cases, specific patterns were encountered for each serotype. As PFGE pattern obtained for isolates of a same serotype clustered together, serotype and PFGE pattern were found to be highly concordant (Fig. 1) . Nevertheless, exceptions have been noted, for 40 strains. For example, one Salmonella ParatyphiB strain was distant from the 22 others; Salmonella Give strains shared in two different clusters and mixed with two others clusters of Salmonella SaintPaul strains; two Salmonella Agona strains were separated from the 24 others. Two Salmonella Montevideo strains were distant from the 15 others. Salmonella Newport PFGE patterns were most variable and clustered in three various area of the dendrogram generated with all the 1128 studied isolates.
A predominant pattern was observed in some serotypes. We identified 18 PFGE patterns as major patterns based on their occurrence in at least 10 isolates. Anatum, Brandenburg, Cerro, Coeln, Dublin, Hadar, Heidelberg, Infantis, Indiana, Kottbus, Paratyphi B, and Virchow serotypes highlighted each one major PFGE pattern, whereas Derby, Enteritidis, and Typhimurium serotypes highlighted each two major PFGE patterns (Fig. 2) . With the exception of the most frequent Salmonella Kottbus PFGE pattern (SKOTXB0001), which was strongly associated with duck breeding isolates, the other 17 major PFGE patterns could be observed for isolates coming from different sources (animal, food, or human sources).
The discriminatory ability (D value) of the method was 0.99 for the entire panel but this index was very variable according to the serotype. The D values calculated for each serotype ranged from 0.33 for Salmonella Kottbus to 0.99 for Salmonella Napoli (Table 3) . D values 
Analysis of the PFGE patterns as a function of isolate origin
Some serotypes are known to be associated with specific sources. Salmonella Derby (Valdezate et al., 2005) , Salmonella Montevideo, and Salmonella Kottbus have often been linked to pig, cattle, and poultry production systems, respectively. Conversely, other serotypes are associated with isolates of various origins. However, some of the PFGE patterns for these serotypes were related to a specific source. For example, 67 of the 135 studied Salmonella Typhimurium isolates were isolated from animals (cattle, sheep, pigs, and poultry [goose, duck, duckling, quail]) or food animal environments. Twenty-five PFGE patterns were identified for these 67 isolates, some of them were specific to 
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pig isolates (eight patterns) or poultry isolates (eight patterns). Two closely related PFGE patterns, STYMXB0017 (five isolates) and STYMXB0018 (three isolates), were found only in isolates originated from quail production or quail meat. Nevertheless, many PFGE patterns were found in no more than two isolates, and it would therefore be premature to conclude that these PFGE patterns are specific of one type of food or animal production. Enteritidis serotype is highly clonal (Olsen et al., 1994) ; in our study, 57 isolates out of the 92 studied (61.9%) were associated with the two major PFGE patterns (SENTXB0001 and SENTX B0002) which present 90% of similarity. The other 17 patterns were observed for one to six isolates. Among the 16 SENTXB0001 nonhuman isolates, 12 have been isolated from poultry feeding environment, while other isolates were coming from oyster, pâ té, prepared dishes, and pastry. In the same way, 11 of the 18 SENTX B0002 isolates also originated from poultry. Other SENTXB0002 isolates came from bovine feces (2), sea water, surface water, food processing plant environment, cheese, and pork product.
Comparison of human and nonhuman PFGE patterns
The PFGE method did not give a high level of discrimination for Salmonella Coeln isolates: 14 different PFGE patterns were observed in the 42 isolates studied. Only two of these patterns were common to isolates of human and nonhuman origin (Table 4) . One isolate predominated, accounting for 59% of human isolates (13=22) and 85.7% of animal health and production isolates.
Salmonella Enteritidis isolates were subdivided in 19 PFGE patterns. Eight different PFGE patterns were identified in human isolates. Six of these patterns were also observed in nonhuman isolates. The major pattern, SENTX B0001, was associated to 20 of the 30 studied human isolates (66.7%) and to 12 of the 41 studied poultry production isolates (29%). Most of the SENTXB0001 strains were PT4 phagetype (data not shown). The second most frequent PFGE pattern, SENTXB0002, was the most frequent in nonhuman isolates (18 isolates) and less frequently observed in human isolates (three isolates). This pattern was associated with phage-type PT8 strains (data not shown).
Only four out of the 30 PFGE patterns obtained for Salmonella Hadar isolates were common to human and nonhuman isolates. However, PFGE displayed an intermediate ability to distinguish between Salmonella Hadar isolates (D ¼ 0.70), due to the predominance of a major pattern, SHADXB0003, found in 69% of the Salmonella Hadar isolates recovered from animal, food, and environmental sources. This 
PFGE SUBTYPING DATABASE FOR S. ENTERICA
SHADXB0003 pattern also predominated in human isolates (37.8%), but higher levels of diversity were observed for human isolates, with 21 PFGE patterns observed for the 40 studied isolates (D ¼ 0.87).
Twelve of the thirty-one different PFGE patterns observed with the 46 Salmonella Senftenberg isolates studied were associated with human isolates and were not identified in isolates from nonhuman origin.
We identified 17 of the 47 Salmonella Typhimurium PFGE patterns as associated with human isolates, and only four of these patterns were found in both human and nonhuman isolates. One of these patterns, STYMXB0007, was the most frequent pattern in Salmonella Typhimurium isolates (50 isolates, 37%) and was found in isolates from various sources: animal (50%), environment (6%), food (22%), feedstuff (2%), and human (20%). Moreover, this pattern was clearly associated with multidrug-resistant isolates (data not shown).
We obtained 27 PFGE patterns for the 54 Salmonella Virchow isolates studied. D values were higher for the human isolates (D ¼ 0.89) than for the nonhuman isolates (D ¼ 0.6). Two PFGE patterns were common to these two subpopulations. The SVIRXB0005 pattern predominated, accounting for 10 human and 16 nonhuman isolates.
Discussion
The present study aimed to constitute a molecular PFGE database of the most prevalent Salmonella serotypes in France from human and nonhuman sources. PFGE has been successfully used for the characterization of several Salmonella serotypes (Cardinale et al., 2005; Garaizar et al., 2000; Kariuki et al., 1999; Punia et al., 1998) , but its use has rarely been reported for characterization of Braenderup, Bredeney, Bovismorbificans, Give, Goldcoast, Kottbus, and Tennessee serotypes and never reported for Salmonella Coeln characterization. The 1128 studied isolates were divided into 452 PFGE patterns, with an overall D value of 0.99, exceeding the value of 0.9 recommended by Hunter and Gaston (Hunter and Gaston, 1988) for reliable interpretation. However, as previously reported (Liebana et al., 2001) , the discriminatory ability of PFGE depended on serotype (Table 3) . D values may also vary with the total number of isolates analyzed. Most published data concern the two most prevalent serotypes, Enteritidis and Typhimurium, and our data were consistent with some of these results: the D value calculated after PFGE typing of 24 Salmonella Enteritidis isolates in a previous study (Laconcha et al., 1998) was similar to that obtained here (0.72 vs. We also calculated D values for many other serotypes, and confirmed that PFGE is generally an effective method for distinguishing between isolates of the same serotype. In some cases, D values seemed to be too low for analyses based on XbaI restriction only. Analyses with another restriction enzyme, or with another molecular subtyping method could be required in complement to assess the diversity of some serotypes. This situation was particularly observed for Kottbus (D ¼ 0.33; 95% CI, 0.10-0.55) and Cerro (D ¼ 0.54, 95% CI, 0.31-0.77) serotypes. As previously reported (Nde et al., 2006; Torpdahl et al., 2005) , clustering analysis grouped most of isolates according to serotype (Fig. 1) and serogroup, indicating a close relationship between PFGE pattern and each of the studied serotypes.
In this study, a few rare PFGE patterns seemed to be associated with a particular production sector or food chain. However, it is difficult to draw firm conclusions concerning specificity as many patterns were associated with only one or two isolates (79%).
Comparison with human isolates identified only a few patterns common to isolates from human and nonhuman origin, consistent with the findings of other studies (Cardinale et al., 2005) . The profiles obtained were also compared with others obtained by the Salmonella NRC (Pasteur Institute, France) during a precedent study . For Salmonella Typhimurium, the STYMXB0007 pattern was similar to the most prevalent profile X1 identified among the 51 DT104 isolates investigated in a previous study. This pattern was also associated with U302 phage-type isolates. Others most prevalent PFGE profiles associated to DT104 or DT120 isolates in Weill et al. (2006) were similar to some patterns we found. Others' data (Gatto et al., 2006) showed a PFGE pattern visually identical to STYMXB0007 pattern. This pattern has been observed for human Salmonella Typhimurium phage type 104 isolates in seven different European countries. Another PFGE pattern found for human isolates phage type 104 in the nine European countries participating to the study seems to correspond to STYMXB0035 pattern, observed for two food isolates. Concerning Salmonella Enteritidis, the work published by Gatto et al. (2006) , identified a most common PFGE pattern for human Salmonella Enteritidis isolates, phage-type 4. This pattern was alike to the SENTXB0001 pattern. Work from Peters et al. (2007) confirmed the predominance of this pattern in Europe: out of 11,716 Salmonella Enteritidis isolates studied, 6603 (56%) highlighted this pattern.
Many studies have reported the successful use of PFGE for assessing genetic diversity of Salmonella isolates (Lailler et al., 2002; Liebana et al., 2002) and the clonal transmission of isolates in a country, a food industry, or a herd (Langvad et al., 2006; Liljebjelke et al., 2005; Mammina et al., 2003; Michael et al., 2006; Wonderling et al., 2003) . We found that the ability of the method to distinguish between isolates depended on serotypes. Nevertheless, the PFGE-based database remains useful for veterinarian, food producers, and risk managers for tracking sources of contamination on farms and in food processing plants. PFGE is also a powerful tool for foodborne disease investigation. Our PFGE pattern database has since been used in several investigations in France. The molecular database proved particularly useful during the epidemiological investigation of a Salmonella Agona outbreak linked to an infant powdered formula (Espié et al., 2005b) . In this outbreak, clinical samples and suspected contaminated food and environmental samples had the same PFGE pattern (SAGOXB0003). Based on the ability of the PFGE method to discriminate Salmonella Agona isolates efficiently, the investigators concluded that the human and food isolates were probably epidemiologically linked. In addition, Salmonella isolates belonging to Manhattan serotype have been included in our database following a foodborne outbreak investigation in 2005 (Noel et al., 2006) .
An external quality assurance assay organized by Salm-gene (Peters et al., 2003) showed that PFGE results were reproducible, with similar results obtained by different centers. As all the patterns identified in this study were obtained with the standardized protocol recommended by CDC and PulseNet and analyzed with BioNumerics software, they could be submitted in the next future to the central database of the recently created PulseNet Europe Network (http:==www.pulsenet-europe.org=) and then compared with patterns obtained in other European countries.
